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1
SYNCHRONOUS RECTIFICATION IN THE
THREE-LEVEL INVERTER-CONVERTER
TOPOLOGIES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The subject invention relates to three level power inverter/
converter topologies, and more particularly, to the application
of synchronous rectification in a uni-directional active recti-
fier circuit to reduce static losses by lowering the voltage drop
across the circuit utilizing power semiconductor devices.

2. Description of Related Art

Synchronous rectification is a concept that has been
applied in the past, particularly in DC-DC converters at low
output voltage levels. In those converters where conventional
circuit topologies were utilized, a voltage drop of 0.4 V to
about 1.0 V in the output rectifier is common and would be
converted into a significant loss, since the output voltage of a
typical DC-DC power converter is usually only about 1.0 or
20V.

Synchronous rectification involves the use of a power FET
connected in parallel with a diode, wherein the FET is con-
figured to be turned on when the diode is conducting, so that
current flow is re-directed through the FET. Since the FET
operates with lower resistance than the diode, the voltage
drop across the circuit will be lower and more efficient.

Given the efficiencies associated with synchronous recti-
fication, it would be beneficial to apply this principle to a full
power circuit of a uni-directional active rectifier, also known
as a Vienna Rectifier, in order to reduce the static losses across
the circuit. This would be particularly advantageous in power
inverter/converter topologies employed in aerospace applica-
tions, where switching speed and efficiency are sought after.

SUMMARY OF THE INVENTION

The subject invention is directed to a new and useful power
module, such as a three-level inverter/converter, employing
synchronous rectification to reduce static losses and enhance
efficiency.

The power module includes a first synchronous rectifier
switch (containing a first FET) that communicates with a
positive DC terminal of the power module. The first synchro-
nous rectifier switch is connected in parallel with a first diode.
Together, the first synchronous rectifier switch and the first
diode form a first module block, which comprises a first
synchronous rectifier of the power module.

The power module further includes a second power FET
connected in parallel with a second diode to form a second
module block, and a third power FET is connected in parallel
with a third diode to form a third module block.

The second and third module blocks are positioned
between first and second terminal interfaces (101 and 102) of
the power module, and two serially connected diodes are
utilized on the first (IO1) terminal interface side of the power
module in parallel with the serially connected second and
third module blocks.

A second synchronous rectifier switch (containing a fourth
FET) communicates with a second (I02) terminal of the
power module. The switch is connected in parallel with a
fourth diode to form a fourth module block. Together, the
second synchronous rectifier switch and the fourth diode
form a fourth module block, which comprises a second syn-
chronous rectifier of the power module.
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2

In another embodiment of the subject invention, a synchro-
nous rectifier is also connected in parallel with each of the
serially connected diodes on the first (I01) terminal interface
side of the power module.

Preferably, each synchronous rectifier switch comprises a
silicon carbide (SiC) power MOSFET connected in parallel
with an internal inherent power diode. Preferably, each diode
that is connected in parallel with a synchronous rectifier is a
silicon carbide (SiC) Shottky diode.

In accordance with the subject invention, the power mod-
ule further includes a current sensor for sensing current flow-
ing through the first diode and the fourth diode. More prefer-
ably, the power module includes a current sensor located in
the circuit for sensing current flowing through the parallel
connected first synchronous rectifier switch and first diode
(i.e., the first module block), and for sensing current flowing
through the parallel connected fourth synchronous rectifier
switch and fourth diode (i.e., the fourth module block). Pref-
erably, control logic is provided to control the operation of the
synchronous rectifiers of the power module.

In accordance with a preferred embodiment of the subject
invention, the first and second synchronous rectifiers (i.e., the
first and fourth module blocks) are configured so that they are
not turned on while the second and third power FETs are
turned on. In addition, the second and third power FETs are
configured to be turned on simultaneously.

The first and second synchronous rectifiers (i.e., the first
and fourth module blocks) are configured so that they are
turned on at different times. More particularly, the first and
second synchronous rectifiers (i.e., the first and fourth module
blocks) are configured so that they are turned on at different
parts of two half-cycles.

The first synchronous rectifier switch is configured so that
it is turned on only after the first diode has conducted current
and then turned off before the current through the first diode
has completely stopped. Moreover, the first synchronous rec-
tifier switch is configured so that it is not turned on as the same
time as the second and thirds power FETs are turned on, to
prevent a shoot-through condition.

Similarly, the second synchronous rectifier switch is con-
figured so that it is turned on only after the fourth diode has
conducted current and then turned off before the current
through the fourth diode has completely stopped. Moreover,
the second synchronous rectifier switch is configured so that
it is not turned on at the same time as the second and third
power FETs are turned on, to prevent a shoot-through condi-
tion.

These and other features of the subject invention and the
manner in which it is employed will become more readily
apparent to those having ordinary skill in the art from the
following enabling description of the preferred embodiments
of'the subject invention taken in conjunction with the several
drawings described below.

BRIEF DESCRIPTION OF THE DRAWINGS

So that those skilled in the art to which the subject inven-
tion appertains will readily understand how to make and use
the subject invention without undue experimentation, pre-
ferred embodiments thereof will be described in detail herein
below with reference to certain figures, wherein:

FIG. 1 is a schematic rendering of a prior art Vienna-type
active rectifier;

FIG. 2 is a schematic rendering of a power module employ-
ing synchronous rectification, which is constructed in accor-
dance with a preferred embodiment of the subject invention;
and
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FIG. 3 is a schematic rendering of another embodiment of
a power module employing synchronous rectification, in
accordance with the principles of the subject invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Referring now to the drawings, wherein like reference
numerals identify similar structural features or aspects of the
subject invention, there is illustrated in FIG. 1 a schematic
representation of a prior art uni-directional Vienna-type
active rectifier, which serves as precursor topology for the
power module of the subject invention. As illustrated, a prior
art Vienna-type active rectifier includes two power MOSFET
devices at the center of the circuit.

An exemplary embodiment of a power module constructed
in accordance with a preferred embodiment of the subject
invention is illustrated in FIG. 2. The power module of FIG. 2
is configured as part of a three-level power inverter/converter
and is adapted for use in a unidirectional active rectifier mode.

As discussed in more detail herein below, the power mod-
ule of the subject invention employs a plurality of synchro-
nous rectifiers each consisting of a silicon carbide (SiC)
power MOSFET connected in parallel with a SiC Schottky
power diode. As used herein, the terms FET and MOSFET
should not be construed in a manner so as to limit the subject
disclosure in any way. Rather, it should be understood by
those skilled in the art that the circuits shown and described
herein could be constructed and applied with other types of
power FET devices known in the art, including, for example,
JFET devices, DMOSFET devices and CoolMOS devices.

Referring now to FIG. 2, the power module includes a first
synchronous rectifier switch S; D, that communicates with a
first terminal of the power module. Here, the first terminal of
the module is a positive DC terminal. The first synchronous
rectifier switch S;D, is connected in parallel with a first
reverse-parallel SiC Schottky diode SBD, to form the first
synchronous rectifier block. The power module further
includes a second power FET S,D, that is connected in par-
allel with a second reverse-parallel SiC Schottky diode SBD,,
and a third power FET S,Dj; that is connected in parallel with
a third SiC Shottky diode SBD;.

The second and third power FETs S,D, and S;Dj; are posi-
tioned between first and second terminal interfaces IO 1 and
102 of'the power module. Two serially connected fast switch-
ing Schottky diodes SBD,,, and SBD,, are utilized on the first
terminal interface side IO 1 of the power module connected in
parallel with the serially connected second and third power
FETs S,D, and S;D;.

The power module of FIG. 2 further includes a second
synchronous rectifier switch S,D,, that connects with a second
terminal of the power module. Here the second terminal of the
power module is a negative DC terminal. The second syn-
chronous rectifier switch S,D, is connected in parallel with a
fourth diode SBD, which is a reverse-parallel SiC Schottky
diode, forming a second synchronous rectifier block.

In accordance with a preferred embodiment of the subject
invention, the first and second synchronous rectifier switches
S,D, and S,D, are configured so that they are not turned on
while the second and third power FETs S,D, and S;D; are
turned on. In addition, the second and third power FETs S,D,
and S;D; are configured to be turned on simultaneously.

Immediately after the second and third power FETs S,D,
and S;D; are turned off, the SiC Schottky diode SBD, is
turned on “naturally” (since it is forward-biased). Once it is
confirmed that SBD, is turned on and after a short dead-time
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delay, the first synchronous rectifier switch S;D, can be
turned on, lowering the voltage across the SiC Schottky diode
SBD, significantly.

With continuing reference to FIG. 2, the first and second
synchronous rectifiers switches S;D, and S,D, are config-
ured so that they are turned on at different times. More par-
ticularly, the first and second synchronous rectifier switches
S;D, and S,D, are configured so that they are turned on at
different parts of two half-cycles. Since these synchronous
rectifiers effectively operate like low resistance components,
the voltage drop in the SiC Schottky diodes SBD, and SBD,
is controllably reduced. Furthermore, forward diode voltage
will decrease in portion to the die size of the FET used in the
rectification.

The first synchronous rectifier switch S, D, is configured so
that it is turned on only after the first diode SBD, has con-
ducted current and then turned off before the current through
the first diode SBD, has completely stopped. Moreover, the
first synchronous rectifier switch S; D, is configured so that it
is turned on not at the same time when the second and third
power FETs S,D, and S, D; are turned on to prevent a shoot-
through condition.

Similarly, the second synchronous rectifier switch S,D,, is
configured so that it is turned on only after the fourth diode
SBD, has conducted current and then turned off before the
current through the fourth diode SBD, has completely
stopped. Moreover, the second synchronous rectifier switch
S,D, is configured so that it is turned on not at the same time
when the second and third power FETs S,D, and S;D; recti-
fiers are turned on to prevent a shoot-through condition.

Since the first and second synchronous rectifier switches
S,D, and S,D, are turned on to emulate a diode operation,
neither switch should be allowed to carry a reverse current,
therefore the current flowing through the first synchronous
rectifier block comprised of S;D, and diode SBD, must be
sensed at some locations in the circuit. A similar current
sensing step must be done to prevent the reverse current
flowing through the second synchronous rectifier block con-
sisting of S,D, and diode SBD,.

In order to accomplish this and to make sure that the con-
ditions noted above are satisfied, the power module of FIG. 2
further includes means for sensing current flowing through
the first Schottky diode SBD, and the second Schottky diode
SBD,,. More preferably, the power module includes means for
sensing current flowing through the parallel connected first
synchronous rectifier switch S;D; and first Schottky diode
SBD,, and for sensing current flowing through the parallel
connected second synchronous rectifier switch S,D, and sec-
ond Schottky diode SBD,.

Preferably, control logic is provided to control the opera-
tion of the synchronous rectifiers of the power module shown
in FIG. 2. More particularly, control logic is employed to turn
the synchronous rectification on and off during the operation
of the power module.

Referring to FIG. 3, there is shown another power module
constructed in accordance with a preferred embodiment of
the subject invention. In this embodiment of the subject
invention, a synchronous rectifier is also connected in parallel
with each of the serially connected diodes SBD_,, and SBD_,
on the first terminal interface side of the power module. A
similar switching logic to that employed with the power mod-
ule described with respect to FIG. 1 could also be applied and
this topology, for both the three-level inverter and converter.

Those skilled in the art will readily appreciate that the
silicon carbide (SiC) Schottky diodes utilized in the power
module of the subject invention, have a much lower reverse
recovery current than silicon fast recovery diodes, and a
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higher reverse voltage, thus the SiC Schottky diode is very
fast at the turn-on and turn-off times. However, once con-
ducted, the forward voltage drop through the SIC Schottky
diode is relatively high (up to 1.7 V max) as compared to the
voltage drop of a large die-size SiC power MOSFET. These
characteristics would make the synchronous rectifier (as a
combination of a SiC MOSFET and SiC Schottky diode), a
good rectification device for high frequency and high power
operation (fast turn-on, turn-oft and low conduction drop,
translates to high efficiency at a high operating frequency).

It should also be appreciated that silicon carbide has a high
thermal conductivity, and temperature has little influence on
its switching and thermal characteristics. With special pack-
aging, silicon carbide Schottky diodes can operate at junction
temperatures of over 500 K (about 200° C.), which allows
passive radiative cooling in aerospace applications such as
those disclosed herein.

While the subject invention has been shown and described
with reference to preferred embodiments, those skilled in the
art will readily appreciate that various changes and/or modi-
fications may be made thereto without departing from the
spirit and scope of the subject invention as defined by the
appended claims.

What is claimed is:

1. A power module comprising:

a) a first module block defining a first synchronous rectifier
and including a first synchronous rectifier switch having
a first power FET and connected in parallel with a first
diode;

b) a second module block including a second power FET
connected in parallel with a second diode;

¢) a third module block including a third power FET con-
nected in parallel with a third diode, wherein the second
and third module blocks are positioned between firstand
second terminal interfaces of the power module, and
wherein two serially connected diodes are utilized on the
first terminal interface side of the power module in par-
allel with the serially connected second and third mod-
ule blocks; and

d) a fourth module block defining a second synchronous
rectifier and including a second synchronous rectifier
switch having a fourth power FET and connected in
parallel with a fourth diode;

wherein each synchronous rectifier comprises a silicon
carbide (SiC) power MOSFET connected in parallel
with a power diode, the power diode being a silicon
carbide (SiC) Shottky diode.

2. A power module as recited in claim 1, wherein the two

serially connected diodes on the first terminal interface side of
the power module are silicon carbide (SiC) Shottky diodes.
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3. A power module as recited in claim 1, wherein the first
synchronous rectifier communicates with a positive terminal
of the power module.

4. A power module as recited in claim 1, wherein the
second synchronous rectifier communicates with a negative
terminal of the power module.

5. A power module as recited in claim 1, further comprising
a sensor for sensing current flowing through the first diode
and the fourth diode.

6. A power module as recited in claim 1, further comprising
a sensor for sensing current flowing through the first synchro-
nous rectifier and the second synchronous rectifier.

7. A power module as recited in claim 1, wherein a syn-
chronous rectifier switch is connected in parallel with each of
the serially connected diodes on the first terminal interface
side of the power module.

8. A power module as recited in claim 1, wherein the first
and second synchronous rectifiers are configured so that they
are not turned on while the second and third power FETs are
turned on.

9. A power module as recited in claim 1, wherein the
second and third power FETs are configured to be turned on
simultaneously.

10. A power module as recited in claim 1, wherein the first
and second synchronous rectifiers are configured so that they
are turned on at different times.

11. A power module as recited in claim 10, wherein the first
and second synchronous rectifiers are configured so that they
are turned on at different parts of two half-cycles.

12. A power module as recited in claim 1, wherein the first
synchronous rectifier switch is configured so that it is turned
on only after the first diode has conducted current and then
turned off before the current through the first diode has com-
pletely stopped.

13. A power module as recited in claim 12, wherein the first
synchronous rectifier is configured so that it is not turned on
at the same time as the second and third power FETs are
turned on to prevent a shoot-through condition.

14. A power module as recited in claim 1, wherein the
second synchronous rectifier switch is configured so that it is
turned on only after the fourth diode has conducted current
and then turned off before the current through the fourth diode
has completely stopped.

15. A power module as recited in claim 14, wherein the
second synchronous rectifier is configured so that it is not
turned on at the same time as the second and third power FET's
are turned on to prevent a shoot-through condition.

16. A power module as recited in claim 1, further compris-
ing control logic for operating the synchronous rectifiers.
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